Abstract
INTRODUCTION
Heart transplantation remains the definitive long-term treatment for advanced cardiac failure irrespective of cause. A discrepancy between required and available organs persists internationally with donation after brain death being the main source of donor hearts. The catecholamine storm associated with brainstem death (BSD) may have a detrimental effect on donor heart function via complex cardiovascular changes, endocrine and metabolic disturbances and release of proinflammatory signals [1] . There is a window of opportunity after BSD for organs to be optimized and retrieved for transplantation before irreversible damage occurs. Early active donor management has been shown to exert a positive influence on this process without impacting on post-transplant recipient outcome [2] . Given a lack of evidence about the optimal interval after BSD that allows recovery from the deleterious effects of the catecholamine storm, the first objective of this study was to assess whether a longer interval may be associated with a higher transplantation rate in a large cohort of donors. The second objective was to investigate the relationship of the BSD interval with the post-transplant recipient outcome.
MATERIALS AND METHODS

Data collection and analysis
In the UK, a National Organ Retrieval Service was introduced in April 2010, and since then, the UK Transplant Registry (UKTR) data have been collected on the retrieval process. Follow-up data on 30-day survival within the cohort are 100% complete, and the accuracy and consistency of the data are maintained by regular computer-based and case-record validations. Data are stored on the UKTR that is maintained by the NHS Blood and Transplant. The data analysis was carried out using the SAS version 9.4 software. In this article, BSD is defined as the time when fixed dilated pupils were first noted in the donors, and the BSD interval is defined as the time from BSD to cardiac assessment at organ retrieval.
Outcomes
We investigated the impact of the BSD interval on 2 primary outcomes: (i) heart utilization and (ii) post-heart transplant survival.
Heart utilization. Heart utilization is defined as donor hearts retrieved with the intention of transplantation. Data on adult organ donors after brain death-also described on the literature as donors after neurological determination of death-were obtained retrospectively from the UKTR for the 5-year period from 1 April 2010 to 31 March 2015. Donors older than 65 years with a history of cardiothoracic disease, donors with no consent for heart donation and donors whose cause of death was myocardial infarction were excluded.
Post-heart transplant survival. To further assess the impact of the BSD interval on recipient survival, we analysed adult patients who received a heart transplant at any of the 6 designated UK centres where the heart donors were part of the heart utilization cohort previously described. We analysed short-term survival (30 and 90 days) and medium-term survival (1 and 3 years). To ensure a homogeneous transplant cohort, we excluded multiorgan transplants, retransplantations, paediatric patient transplants and donor hearts that had used the Organ Care System (OCS; TransMedics, Inc., Andover, MA, USA) for perfusion.
Missing data
Missing data for risk factors (maximum 18%: Tables 1 and 2 ) identified in the analysis were imputed with multiple imputation fully conditional specification method. Missing BSD intervals were not imputed and so the final cohort used 84% of the full cohort.
Statistical analysis
Heart utilization. We used the multivariable logistic regression to assess whether the BSD interval is associated with the retrieval of hearts for transplantation, after adjusting for known risk factors. A stepwise variable selection method was used where candidate risk factors were retained in the model if they reduced the model deviance significantly (P < 0.1) according to the likelihood ratio test. Donor risk factors included were blood group, sex, history of hypertension, use of prednisolone, cardiac arrest, age, body mass index (BMI), heart rate, history of diabetes, history of alcohol abuse and smoking history.
The BSD interval was tested in the model as both a linear term and a non-linear term. A linear term assumes a relationship between the BSD interval and the probability of utilization that is constant as the BSD interval increases, whereas a non-linear term allows the relationship to vary depending on the BSD interval. We used a natural cubic spline method to explore non-linearity, allowing cubic expressions between intervals defined by 'knots' at the 5%, 35%, 65% and 95% percentiles. The model was internally validated using the Hosmer and Lemeshow measure of concordance. The concordance statistic of the heart utilization model was 0.758, indicating acceptable predictive ability.
Post-heart transplant survival. We used multivariable Cox proportional hazards regression to assess whether the BSD intervals associated with patient survival time post-transplant, after adjusting for known risk factors. Known risk factors were identified in the adult heart risk-adjusted models that were developed for the Annual Report on Cardiothoracic Transplantation, published by the NHSBT in July 2016. These include donor cause of death, donor BMI, donor age, donor respiratory arrest, recipient BMI, recipient creatinine at transplant, if recipient had extracorporeal membrane oxygenation at transplant (for short-term survival models only), if recipient had ventricular assist device at transplant (for medium-term survival models only), if recipient was in-hospital before the transplant, recipient primary disease, recipient and donor sex mismatch and ischaemia time.
To check the proportional hazards assumption on which the Cox regression model is based, log cumulative hazard plots and Schoenfeld residual plots were used. There was no evidence to suggest violation of the proportional hazard assumption in the model of interest.
The BSD interval was considered as both a linear term and a non-linear term in the model using the natural cubic spline method previously described.
Combining the heart utilization and post-heart transplant survival model. To explore the results of the 2 models in combination, we interrogated how the utilization/survival probabilities changed as the BSD interval varied, while retaining all other variables in the models fixed. This was achieved by selecting common or average donor and recipient characteristics.
RESULTS
From the donor inclusion criteria, there were 1947 records. Of these, 1354 (70%) did not proceed to heart donation. Out of 593 heart donors, only 458 subjects fulfilled all inclusion criteria and were further analysed in the post-transplant analysis (Fig. 1) . The observed median BSD interval for the donor hearts retrieved and not retrieved was 39 and 35 h, respectively (Fig. 2) .
Heart utilization
In the univariable analysis (not adjusting any donor risk factors), evidence was available to suggest that the BSD interval had a nonlinear association with heart utilization; longer intervals being associated with increased utilization (overall effect P < 0.0001, nonlinearity P = 0.009). Adjusting for donor risk factors listed in Table 1 , the duration still had this non-linear association with heart utilization (overall effect P = 0.0056, non-linearity P = 0.009).
The modelled probability of heart utilization has a similar trend to the observed rate of heart utilization within the deciles of the BSD interval. Specifically, longer durations were associated with a higher probability of donation. However, the probability of heart donation began to plateau after approximately 48 h indicating that durations beyond this were not associated with the chance of heart utilization ( Fig. 3) .
As a sensitivity analysis, the model was refitted using the donors with complete data for all risk factors (n = 1883). The BSD interval also had a significant non-linear association with heart utilization in this cohort.
To explore the impact of donor optimization, we excluded donors who were not attended by a cardiothoracic retrieval team and performed an analysis on a subset of donors who were attended by the cardiothoracic retrieval team only (n = 1306). Analysing this with the same methodology, the BSD interval has a significant association with heart utilization (P = 0.007). The effect of the BSD interval had a similar pattern.
Post-heart transplant survival
In the univariable post-transplant analysis, evidence was available to suggest that the BSD interval had a non-linear association with 30-day patient survival only (overall effect P = 0.013, non-linearity P = 0.005). Adjusting for the donor, recipient and transplant risk factors in Table 2 , the duration still had a non-linear association with 30-day patient survival (overall effect P = 0.04, non-linearity P = 0.017) but not longer term survival (P > _ 0.19).
The modelled 30-day patient survival probabilities had a similar trend to the observed patient survival rates within the deciles of the BSD interval obtained using the Kaplan-Meier method. For patients with transplanted hearts retrieved less than 36 h after BSD, the estimated 30-day survival has a decreasing trend with increasing duration to approximately 90% survival (Fig. 4) . For patients in whom transplanted hearts were retrieved between 36 and 72 h after BSD, the estimated 30-day survival increased from approximately 90% to 95%. For patients in whom transplanted hearts were retrieved after 72 h, the estimated 30-day survival decreased again; however, the confidence interval of the LOESS trend line was a lot wider, as there were fewer transplants with a heart retrieved more than 72 h after BSD. As a sensitivity analysis, the model was refitted using the transplants with complete data for all risk factors (n = 374). The BSD interval was also found to be significantly associated with 30-day patient survival times but not with 90-day, 1-year or 3-year patient survival times.
Combining the heart utilization and 30-day postheart transplant survival model
The association between the BSD interval and both heart utilization and the 30-day post-heart transplant patient survival is significant. Therefore, it is of interest to obtain an optimum window for the start of the retrieval operation after BSD, using the results of the 2 statistical models.
For a male donor, aged 44 years, with BMI 26 kg/m 2 , blood group A, no history of hypertension, no cardiac arrest, heart rate 91 bpm, no history of diabetes, no history of alcohol abuse and was a past smoker, the probability of heart utilization is optimized from approximately 50 h of BSD interval (Fig. 5) . For a male patient, with no respiratory arrest, no extracorporeal membrane oxygenation required, was in-hospital before transplant and had coronary heart disease, receiving a heart from a male donor, aged 44 years, with BMI 26 kg/m 2 , who died due to vascular disease, the probability of 30-day survival is very high from approximately 70 h of BSD interval onwards.
DISCUSSION
Heart transplantation is a successful treatment for advanced heart failure but is limited by the scarcity of hearts judged suitable for transplantation. Only a minority of hearts offered for transplantation is actually used. The selection of hearts is based partly on cardiac function, but this is known to change with time after BSD. Here, we demonstrate for the first time, in a large cohort of cardiac donors, that an increased interval between BSD and organ retrieval increases the probability of heart utilization up to an interval of 48 h. Furthermore, an increased interval did not affect overall post-transplant survival.
The time of procurement can be utilized as the distinct time point separating pre-from post-organ retrieval events. It is of essence to further break down the variable preretrieval period into specific time periods and study their impact on retrieval and long-term outcomes. As all relevant time points could not be obtained from our database, calculated indirect estimations were used (Fig. 6) . Time from injury to BSD is known as the brain injury interval, and time from BSD to procurement is known as BSD interval. As exact time of injury is difficult to obtain in majority of cases, many groups use the time of intubation. Similarly, the exact time of BSD cannot be used as an objective hard time point with time of the second assessment of BSD being used as an approximation. We chose to use the documented time of coning (detection of fixed dilated pupils) as a more realistic time point indicative of BSD. The interval from procurement to implantation is subdivided into cold ischaemia and warm ischaemia times and has been extensively studied [3, 4] .
In the UKTR, coning time was reported only within 37% of the donor cohort, whereas time of fixed and dilated pupils were noted in 86%. To assess whether time of fixed and dilated pupils is appropriate to represent BSD/coning, the difference between the 2 time points were compared with the cases where both are reported. The median difference between the time of coning and fixed and dilated pupil first noted was only 1 h (interquartile range 0-10 h) (n = 780). On the other hand, brainstem test time was reported in 97% of cases; however, the median of the difference between coning and the first brainstem test performed was 12 h (interquartile range: 6-20 h) (n = 866). The difference in time of coning and the first brainstem test was 1-10 h in 41%, and 11-30 h in 46%. Hence, the time of fixed and dilated pupils was used as a time point indicative of BSD.
In the trauma setting, increasing brain death intervals were not associated with decreased organ procurement rates or an increased number of non-salvageable organs due to poor function [5] . Data sub-analysis actually showed an increased rate of procurement for heart and pancreas with increasing brain death intervals. In a retrospective study of 215 heart transplants, Marasco et al. [6] did not find an association between brain death interval and mortality. The most important finding of this study was the strong correlation between brain death interval and hypoxia inducible factor 1a activity in donor atrial tissue with the authors suggesting a potential role in ameliorating the detrimental effects of the catecholamine storm.
A few investigators have assessed the influence of the brain death interval on outcomes after heart transplantation. The Stanford groups has reported on adverse survival trends with management times greater than 66 h, defined as the sum of the brain injury and brain death intervals [7] . No difference in survival was observed in relation to brain injury or brain death intervals when assessed individually. Solomon et al. [8] did not demonstrate any statistical significance in outcomes in relation to brain death interval, although all intervals were <12 h. In a paediatric setting, Odim et al. [9] demonstrated a trend towards improved rejectionfree survival with longer brain death intervals (35-90 h) that did not achieve statistical significance. An increased risk of mortality for heart transplantation patients was observed with prolonged brain death intervals in a limited study from Manchester [10] . BSD pathophysiology involves a cascade of cardiovascular, respiratory, endocrine, metabolic and stress responses that may jeopardize potentially transplantable organs [11] . Catecholamine levels are elevated several folds following brain death in humans with colocalized apoptotic and necrotic damage observed in 40% of donors [12] . In more detail, investigators reported histological evidence of damaged heart tissue in 84%, with the affected area never corresponding to >5% of the overall tissue and thus unlikely to have had any major detrimental effect on posttransplant heart function according to the authors. In the context of marginal donor hearts, load-independent indices of cardiac function should be assessed as haemodynamic instability alone is not a reliable indicator of subsequent primary organ dysfunction [13] . The explosive increase in intracranial pressure also may have a detrimental effect on the myocardium [14] . If the sympathetic storm builds up in a gradual nature, haemodynamic changes and structural myocardial damage are less pronounced. In terms of post-transplantation outcomes, there is evidence that brain death is also associated with the activation of pro-inflammatory mediators or even alteration of myocardial gene expression [15, 16] . Identifying molecular pathways regulating this process may Figure 3 : (A) The risk-adjusted probability of heart utilization from the logistic regression model plotted against the BSD interval. Each grey dot is the estimated probability of heart utilization for a donor by the actual BSD interval for that donor. The line is the LOESS curve through the dots, with its 95% confidence limits, representing the general trend of the relationship between the probability of heart utilization and the BSD interval. (B) The observed rate of heart utilization within the deciles of the BSD interval, plotted at the mid-point, compared with the LOESS curve from (A). This plot shows positive agreement between the pattern of the observed and modelled relationships between the probability of heart utilization and the BSD interval. BSD: brainstem death.
provide therapeutic targets to modify the aftermath of the severe stress response in brain death [17] .
Donor management has been the focus of many groups to increase the yield of transplantable organs [2, 18, 19] . Singbartl et al. [20] reported an increase in organ recovery for transplantation via implementation of intensivist-led management of brain-dead donors, although these findings did not achieve statistical significance regarding the number of hearts transplanted. Recommendations for optimal medical management of the heart-beating brain-dead donor to optimize organ potential have been published [11, 21] .
During the study period, the probability of heart donation began to plateau after approximately 48 h with optimal 30-day survival rate noted at 72 h. Although interpretation of these findings remains descriptive with no exact knowledge of underlying pathophysiological mechanisms, it seems that 'riding out' the storm has a dual clinical benefit. First, potential donors are allowed to self-select as organs irreversibly damaged will manifest clinical deterioration. Second, during this period, there seems to be a window of donor optimization that may be amplified by donor management that has a prognostic impact on long-term outcomes. Although not assessed, we believe that there may be financial benefits associated with such a strategy.
Limitations
A number of limitations are inherent to this study. First, the data reflect a national clinical registry. Even though these data provide Figure 4 : (A) The risk-adjusted probability of 30-day survival from the Cox proportional hazards regression model plotted against the BSD interval. Each grey dot is the estimated probability of 30-day survival for a patient by the actual BSD interval for their donor. The line is the LOESS curve through the dots, with its 95% confidence limits, representing the general trend of the relationship between the probability of 30-day survival and the BSD interval. (B) The observed (Kaplan-Meier) 30-day survival rate within the deciles of the BSD interval, plotted at the mid-point, compared with the LOESS curve from (A). This plot shows positive agreement between the pattern of the observed and modelled relationships between the probability of 30-day survival and the BSD interval. BSD: brainstem death.
an insight into real-world practice, it is conceivable that there are unmeasured confounding variables. Second, although we attempted to resolve missing data and transcriptional errors using reproducible algorithms and statistical imputation methodology, we have potentially underestimated the standard errors, and wrongly assumed data are missing at random. However, not imputing the variable of interest and conducting sensitivity analyses have mitigated against the risk of misrepresentation. Third, the LOESS method The change in estimated probability of heart utilization/30-day survival as BSD interval increases for a typical donor/patient. The solid line shows how the probability of the heart being utilized varies for a male donor, aged 44 years, with body mass index 26 kg/m 2 , blood group A, no history of hypertension, no cardiac arrest, heart rate 91 bpm, no history of diabetes, no history of alcohol abuse and was a past smoker, with its 95% CL. The dashed line shows how the probability of 30-day survival varies for a male patient, with no respiratory arrest, no extracorporeal membrane oxygenation required, was in-hospital before transplant and had coronary heart disease, receiving a heart from a male donor, aged 44 years, with body mass index 26 kg/m 2 , who died from vascular disease, with its 95% CLs. BSD: brainstem death; CL: confidence limit. was used to visualize the trends obtained from our models, but the interpretation is limited due to substantial variation of the model estimates around the LOESS curves. Finally, the impact of donor management-specific strategies has not been assessed in this study.
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